N-glycosylation is a common post-translational modification of biopharmaceutical products. Certain types of Nglycans have been shown to influence important properties of monoclonal antibody products including pharmacokinetics and effector functions. Complex biopharmaceuticals e.g. Fc fusion proteins may contain several Nand O-glycosylation sites. Domain specific characterization of two Fc fusion proteins showed an Fc N-glycosylation pattern comparable to IgG molecules. The receptor N-glycosylation was found to contain some larger and more complex N-glycans compared to the Fc part. Analyses of samples from non-clinical studies of the two studied fusion proteins indicate that their N-glycans impact pharmacokinetic properties. Interestingly, besides the type of N-glycan this influence on the pharmacokinetics depends also on the glycosylation site and thus the accessibility on the protein. The same type of N-glycan can influence the clearance of fusion proteins when located at the receptor part, but not if located at the Fc part. In this study, it is shown that N-glycans with terminal galactose or N-acetylglucosamine residues have a negative impact on serum half-life when located at the receptor part. Terminal sialylation of galactose residues prevents this faster clearance even when only one sialic acid is present. O-acetylation, a modification of sialic acids does not impact pharmacokinetics. Thus, type and accessibility of N-glycan moieties of fusion proteins both play an important role in pharmacokinetics. Finally, detailed site specific analysis is critical in the development of biopharmaceuticals.
Introduction
ICH defines a critical quality attribute (CQA) as a physical, chemical, biological or microbiological property or characteristic that should be within an appropriate limit, range or distribution to ensure the desired product quality, safety and efficacy [1] . Influence of conserved IgG Fc N-glycosylation on effector functions (i.e. ADCC and CDC) and PK is well known and there are several reviews available covering this topic [2, 3] . Certain types of Fc N-glycans are therefore CQAs of monoclonal antibody products and thus may require attention in the control strategy when manufacturing the corresponding biopharmaceuticals. High mannose N-glycans for example were shown to negatively impact half-life in circulation of IgG therapeutics across different species [4] [5] [6] . Non-fucosylated N-glycans increase the affinity to FcγRIII receptors thereby directly influencing biological activity through increased ADCC [7] . Terminal galactosylation of Fc N-glycans may modulate binding to the complement protein C1q leading to a higher CDC activity [8] . Influence on PK is hypothesized to be driven by carbohydrate-specific receptors which selectively bind N-glycans of glycoproteins resulting in a faster removal of these glycovariants from circulation by endocytosis [9, 10] . There are two known and well characterized lectins reported in literature that are involved in the selective uptake and clearance of glycoproteins from circulation, the asialoglycoprotein receptor (ASGPR) and the mannose receptor (MR) [9] . The ASGPR is a cell surface receptor of hepatic cells. It was demonstrated that this receptor is responsible for the specific binding to terminal galactose N-glycans and clearance of the respective glycoprotein [9, 10] . Already decades ago desialylation of plasma proteins was correlated with decreased circulation half-life [11] . The MR, also referred to as N-acetylglucosamine receptor, is part of the endocytic pathway and it is also present on the cell surface of a variety of cells, including macrophages and hepatic cells [9, 12] . High mannose N-glycans and N-glycans with terminal N-acetylglucosamines were reported to be bound by the MR [9, 13, 14] . In the case of antibodies, this binding might also depend on the pairing of N-glycans on the heavy chains. However, contradictory studies have been published on this topic [6, 15] .
Fc fusion proteins are closely related to mAbs. They are comprised of an IgG Fc part which can result in similar effector functions and a target binding part which is usually a receptor, receptor domain or a combination of domains of several receptors that bind with high specificity and selectivity to their ligand. In contrast to IgG molecules fusion proteins often carry several N-glycosylation sites and some also Oglycosylation sites in the non-IgG receptor part [16] [17] [18] [19] . Influence of Fc fusion protein N-glycosylation on pharmacokinetics has been reported in a few studies [17, 18, 20] . Comparison of PK parameters of different batches of lenercept, an Fc fusion protein with two extracellular domains of a TNF-α receptor, showed that proteins carrying terminal Nacetylglucosamine residues were cleared faster [18] . It was hypothesized that the mannose receptor is responsible for the observed more rapid clearance as the mannose receptor had been described to bind to N-acetylglucosamine residues [18, 21] . When analyzing lenercept Jones et al. similarly came to the conclusion that terminal GlcNAc residues may lead to a higher clearance rate [17] . A low resolving MALDI-TOF approach was utilized to compare glycopeptides site specific at selected time points. Terminal sialic acids and terminal galactosylation could not be correlated with an increased clearance [17] . In a study of an antibody-enzyme fusion protein produced in pichia pastoris with a high portion of high mannose N-glycans, mainly M8 and M9, it was suggested that this fusion protein was substantially cleared via the mannose receptor [20] . In a glyco-engineered version of the same expression system p. pastoris was used to produce fusion proteins and mAbs which were compared to the same biopharmaceuticals produced in CHO cells in transgenic mice studies. It was shown that sialic acid content of the fusion proteins correlated with the pharmacokinetics [22, 23] . All published studies analyzed the N-glycans as a mixture of Fc and receptor N-glycans or with low resolving site specific methods. But there might be substantial structural variation of the N-glycosylation sites resulting in different accessibility of the glycans to receptors. It has been reported that Fc N-glycans of a certain size, e.g. bi-antennary complex type with terminal galactosylation are buried and are probably prevented from carbohydrate receptor binding [24, 25] . If the same Nglycans located at the non-IgG domain are more exposed on the protein surface these N-glycans might be accessible for carbohydrate receptor binding. It is therefore of great interest to analyze the influence of Fc fusion protein N-glycans on the PK with site specificity. This is necessary to define the critical quality attributes that need to be part of a comprehensive control strategy.
In this work we analyzed the N-glycosylation pattern of two fusion proteins with distinct N-glycan patterns with specificity for the Fc and receptor part. Both Fc parts of the fusion proteins contain standard IgG1 N-glycans. However the receptor domains of the two biopharmaceuticals differ significantly in their N-glycan composition. Samples of the two fusion proteins from non-clinical studies were analyzed with highly sensitive analytical methods and the PK profiles of individual N-glycans as well as the relative N-glycan distribution over time could be obtained. We have shown previously that non-clinical animal models such as rabbits show a similar specific clearance of N-glycans as observed with human subjects and are therefore suitable models to study the influence of N-glycans on PK [6] . We show that complex bi-antennary N-glycans with two terminal N-acetylglucosamine or galactose residues at both arms, respectively increase the clearance from circulation. However, this does not apply to N-glycans with mixed terminal Nacetylglucosamine and galactose residues. We also demonstrate that modifications of terminal sialic acids with acetyl groups do not alter the serum half-life of the biopharmaceuticals, which was so far not described in literature.
Results

Drug products used in this study
The structures of the fusion proteins are schematically shown in Fig. 1 . The two fusion proteins FP1 and FP2 are homo dimers both consisting of an extracellular domain of cell surface receptors fused to a human IgG1 Fc part via a short linker sequence. Both fusion proteins are recombinant proteins expressed in CHO cell lines. FP1's receptor domain ligand is a cytokine and the FP2 receptor domain binds to a cell surface receptor of the immunoglobulin superfamily. The two FP1 chains are connected via normal IgG1 hinge region disulfide bridges (Fig. 1A ) whereas FP2 has a cysteine to serine engineered hinge region and the two chains are connected via disulfide bridges between the receptor domains (Fig. 1B) . Both fusion proteins have one N-glycosylation site at the Fc part and two N-glycosylation sites at the receptor domains summing up to six N-glycosylation sites per molecule. N-glycans are not involved in target binding, thus do not influence biological activity. Molecular mass of each homo dimer molecule is approximately 105 kDa, depending on the combination of attached glycoforms.
Characterization of N-glycosylation
The N-glycosylation patterns of FP1 and FP2 were characterized applying a combination of IdeS digest, size exclusion chromatography (SEC) and N-glycan mapping by reversed phase chromatography MS. The proteins were digested with IdeS to cleave the proteins between the Fc and the receptor part. The digests were subjected to SEC to separate the domains. Eluting Fc and receptor parts were fractionated, buffer exchanged and 2-AA labeled N-glycans were prepared from the domain N-glycans as described. The resulting RP-chromatograms are shown in Fig. 2 . The Fc parts of FP1 ( Fig. 2A) and FP2 (Fig. 2B) are comprised of standard IgG N-glycans with A2G0F and A2F being the major N-glycan for FP1 Fc and FP2 Fc respectively. N-glycosylation of the receptor parts of FP1 (Fig. 2C) and FP2 (Fig. 2D ) are more complex. The receptor of FP1 (Fig. 2C) contains two major groups of N-glycans with terminal Nacetylneuraminic acids either with or without a core fucose with S A A2F being the major N-glycan (19%). Major neutral N-glycans are A2F, A2G1F and A2G0F with approximately 18%, 3% and 2% respectively. The receptor of FP2 (Fig. 2D ) carries only fucosylated complex N-glycans with a high portion of acidic N-glycans carrying terminal N-acetylneuraminic acids. In addition to neutral N-glycans, considerable levels (∼4%) of acidic N-glycans with O-acetylation of the Nacetyclneuraminic acids are also present. S A A2F (24%) is the most abundant N-glycan, A2F (20%), A2G1F (5%) and A2G0F (3%) are the most abundant neutral N-glycans and S A 2A2F-Ac (2%) the most abundant O-acetylated N-glycan on FP 2 (Fig. 2D ). All identified Nglycans with relative abundance in the respective protein part are listed in Table S1 . Pictograms and nomenclature of all identified N-glycans are provided in Fig. 3 .
Glycan PK profiling of non-clinical samples of FP1
Influence of N-glycans on PK of FP1 was investigated domain specific from samples of a non-clinical rabbit study by separating Fc and receptor domains during the affinity purification as illustrated in Fig. 4 . Fig. 5 shows the resulting N-glycan composition of the receptor (Fig. 5A ) and Fc part (Fig. 5B ) over the circulation time after subcutaneous administration of FP1. In the elimination relevant time starting at 18 h, the N-glycan composition at the Fc part does not change over time indicating no influence of N-glycan structures on the PK. However, at the receptor part the composition of N-glycans changes over time. The terminally galactosylated N-glycan A2F decreases from initially 27% to 15% relative abundance after 72 h. Levels of A2G0F carrying two terminal GlcNAcs decreased from initially 4% to 3% after 72 h which is within the method variability. Fig. 6 illustrates exemplarily the glycan PK profiles of four N-glycans of FP1 receptor part in comparison to the PK profile of the average molecule as determined by ligand binding assay. The glycan PK profile of A2F runs below all other profiles in the elimination phase.
Glycan PK profiling of non-clinical samples of FP2
In contrast to FP1, an efficient and complete release of the Fc parts was not possible because of the engineered hinge region of FP2. The affinity purification was therefore altered to using a human IgG-Fc specific capture reagent. The resulting N-glycan composition of all FP2 N-glycans is shown in Fig. 7 . Maximum concentrations were reached between 24 and 32 h after subcuteneous administration. Levels of the terminally galactosylated N-glycan A2F and A2G0F decreased from 22% to 16% after 120 h and from 16% to 13%, respectively. In contrast, the relative contribution of A2G1F rose from 25% to 32%. The level of the most abundant O-acetylated N-glycan SA2A2F-Ac was constant over time. No differences in the absorption and distribution phase were observed.
Estimation of N-glycan PK parameters and PK impact determination
To determine the impact of individual N-glycans on the overall PK, both area under the curve (AUC) and elimination were determined for each N-glycan individually. Obtained values were normalized to each fusion protein's overall elimination rate. For FP1 relative elimination was estimated between t max and 72 h for the major N-glycans S A A2F, A2F and A2G1F. For FP2 relative elimination was estimated between t max and 120 h. For FP1, the relative elimination was calculated for Fc or receptor N-glycan individually for each animal and was then averaged. To investigate the impact of neutral receptor N-glycans on PK the percentage accounting for the Fc part N-glycan was subtracted from the mixed N-glycan PK data by using the N-glycan characterization data after IdeS digest and SEC separation of the reference material as described above. Based on the assumption that there is no impact on PK from FP2 Fc N-glycans as observed for FP1 and the knowledge that there are no of O-acetylated and acidic N-glycans at the Fc part it was possible to determine PK parameters for all major N-glycans of the receptor.
Comparing these estimated elimination parameters the neutral Nglycan A2F showed a 20 and 38% increased elimination rate over time when located at the receptor of FP2 and FP1, respectively. However, since only a limited number of data points was available for the estimation of the clearance the significance of this parameter is limited which is also reflected by the contradictory results for A2G0F and A2G1F of FP1 receptor Both PK profiles are not running above the average protein concentration (Fig. 6 ), however clearance estimation (Table 1) indicates a slower rate. Comparison of AUC was therefore used as an additional more sensitive PK parameter to assess the impact on PK. AUC differences caused by the investigated N-glycans in comparison to the average protein concentration are listed in Table 2 . Again, A2F shows the highest impact with 15 and 19% negative change in AUC for FP1 and FP2. Also A2G0F has a negative impact on AUC with 5 and 9% for FP1 and FP2. Values for A2G1F are in the range of the Fc N-glycans thus this N-glycan does not significantly impact AUC. Acidic N-glycan S A A2F shows also no impact on AUC.
Since the levels of the O-acetylated N-glycans were too low and the resulting PK profiles showed too much variability, the results were not suitable for sensitive determination of elimination rate and AUC. The impact on PK was assessed using the relative portion at each time point (Table 3) . Mean levels vary within the standard deviation indicating no trending towards a faster or slower elimination.
Conclusion
Domain specific characterization data showed that the distribution of N-glycans is not homogenous on Fc fusion proteins. This was expected as the N-glycans at the Fc part are buried between the two heavy chains leaving only limited space. Therefore, predominantly smaller neutral N-glycans are present in the Fc part [3] . In contrast, the receptor part of both fusion proteins contained larger and acidic N-glycans. This circumstance is most likely due to the more exposed position of Nglycosylation sites on the protein surface. The impact on PK from different glycan variants was investigated for both FPs, for one of them site-specifically. In the current study, complex type Fc N-glycans showed no influence on PK, which is in agreement with available literature for IgG molecules [4, 6, 26, 27] . At the receptor part of both fusion proteins a negative impact on PK was observed for two N-glycans. The strongest negative impact on PK was observed for the terminal galactosylated N-glycan A2F, which decreased the AUC of both fusion proteins by 15 and 19 percent. Terminal galactosylated N-glycans are bound by the asialoglycoprotein receptor leading to an elimination of the glycoprotein from circulation [9] . The affinity of the asialoglycoprotein receptor (ASGR) decreases with a decreasing number of terminal galactose residues [10] . The affinity for A2F, which has two terminal galactose moieties, was reported to be in the µM range and described as low [10] . Possibly, A2G1F has a too low affinity for the receptor to cause a selective clearance and therefore does not negatively influence the FP PK. The increased elimination rate of glycoproteins due to terminally galactosylated N-glycans (after desialylation) was already described in the 1970s [11] .
The N-glycan A2G0F had a negative impact on AUC thus serum halflife as well, but the observed influence was not as strong as for A2F. This finding for A2G0F with two terminal N-acetylglucosamine residues is in agreement with the literature. For fusion protein lenercept an inverse correlation between A2G0F and the serum half-life of complex glycoproteins was demonstrated [17, 18] . With our domain specific analysis we were able to pinpoint this influence to A2G0F located at the receptor part. The MR, a transmembrane lectin, is most likely responsible for the selective clearance of A2G0F as it contains several carbohydrate recognition domains able to bind mannose and N-acetylglucosamine residues on glycoproteins [13] . The observed parallel increase of A2G1F on FP2 cannot be explained with the obtained data. However, it is likely a consequence of the relative decrease of A2F and A2G0F if all three N-glycans are present at the same N-glycosylation site. A specific enzymatic degradation of A2F to A2G1F is unlikely, because A2G1F of FP1 did not increase whereas A2F of FP1 did decrease significantly over time and there was no degalactosylation of any N-glycan observed.
Terminal sialic acids seem to prevent binding of the ASGPR and MR since no change of sialic acid containing N-glycans over time was observed in our study. The number and branch of sialic acids attached to the N-glycan do not play a role for the studied bi-antennary N-glycans. One sialic acid attached to the N-glycan is sufficient to prevent carbohydrate receptor binding. This may be caused by the size increase of the N-glycan by the additional bulky sugar preventing the fit of the Nglycan into the receptor binding pocket or by the introduced negative charge at the N-glycan resulting in stronger repulsive forces between receptor and N-glycan.
A common yet functionally not completely understood modification of sialic acids is O-acetylation. O-acetylation converts alcohol groups of sialic acids into esters thereby reducing the polarity and hydrophilicity of the N-glycan [28] . Our data suggests that there is no direct impact of O-acetylation on the elimination. This finding has not been described in Several N-glycans of IgG molecules are considered to be critical quality attributes. This assignment is generally accepted and the impact of certain N-glycans on PK or biological activity is known. Our new data shows that for complex glycosylated biopharmaceuticals such as the investigated fusion proteins and for other non-IgG formats a comprehensive domain-specific or even site-specific characterization of Nglycosylation is required. Depending on the site and accessibility Nglycans that are uncritical for IgGs such as A2F or A2G0F can become critical quality attributes of complex glycosylated biopharmaceuticals.
Material and methods
Materials
PBS (Gibco; #10010023), IdeS (Genovis; #A0-FR-096), 10 kDa Amicon filters (Merck; # UFC201024), Rapid PNGaseF (New England Biolabs; P0710S), Sephadex® G-10 well plates (GE Healthcare; custom made), Picoline borane (Sigma; #654213), Anthranilic acid (Sigma; #10680), 13-C Anthranilic acid (Sigma; #709530), Acetic acid (VWR; #1.00063.1000), Acetonitrile (VWR; #1.00030.2500), DMSO (Sigma; #276855). Protein G sepharose (GE Healthcare; # 17061802), NHS activated sepharose (GE Healthcare; # 17090601), Multicreen THS HV filter plates (Merck; #MAHVN4550), 96-well polypropylene V-bottom plates (Thermo/Nunc; #249944), Capture Select™ Biotin anti-humanIgG-Fc (Thermo; #7103262100), Streptavidin magnetic beads (Thermo/Pierce; #88817)
N-glycan Characterization after IdeS digest and SEC separation
Fusion protein drug products (100 µg) were diluted in PBS to reach concentrations of 1 mg/ml. Diluted samples were incubated for 60 min at 37°C with IdeS (100 units). Digests were subjected to size exclusion chromatography and separated under isocratic conditions. Eluting Fc/2 and receptors were collected and concentrated using spin-filters. Nglycans were released, labeled, cleaned-up and analyzed as described previously [29] . Labeled N-glycans were analyzed on a C18 BEH column (Waters) on an Agilent 1260 HPLC. Fluorescence detection was carried out with an excitation wavelength of 350 nm and emission wavelength of 440 nm. The HPLC was coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher). The MS was operated with positive polarity with a spray voltage of 3.5 kV, a capillary temperature of 275°C and an S-lens RF level of 50. Resolution was set to 70,000 with an AGC target of 1e5. Spectra were automatically processed using Expressionist software (GeneData) and N-glycans were identified according to their exact mass and retention time (in-house database). Information about N-glycan composition obtained from MS/MS data was used to support the assignment.
Preparation of
13 C 2-AA labeled glycan standards 13 C 2-AA labeled N-glycan standards were prepared from fusion protein drug product batches used in the non-clinical studies. Labeled N-glycans were prepared as described previously [29] . The fluorescence label anthranilic acid was replaced with 13 C-anthranilic acid. Fig. 3 . Pictograms and naming of all N-glycans identified in fusion protein 1 and fusion protein 2. Only one possible name for isomers is depicted. Blue square stands for N-acetylglucosamine, green circle for mannose, yellow circle for galactose, red triangle for fucose and purple diamond for N-acteylneuraminic acid. Numbering is according to Table S1 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Recovery of FP1 from non-clinical samples and N-glycan preparation
Protein G sepharose slurry (200 µL) was added to wells of a 96-well filter plate. Protein G mini columns were equilibrated with PBS. Liquid was removed by centrifugation. Affinity column plates were prepared as follows: Membranes of a 96 well filter plate were wetted with 1 mM HCl before addition of NHS activated sepharose-isopropanol slurry. Isopropanol was removed by centrifugation and the columns were washed with 1 mM HCl. Reconstituted antigen solution (1 mg/ml) was centrifuged into the columns and the coupling reaction took place for 2 h at ambient temperature. Affinity columns were washed, remaining NHS groups were inactivated with ethanolamine buffer and column plates were equilibrated with PBS. Serum samples (50 µL) were centrifuged through the equilibrated Protein G column plates. After washing the column with PBS bound IgGs and fusion proteins were eluted with a 0.1 M glycine buffer pH 2.7. Eluate was immediately neutralized with Tris HCl pH 8.0 and centrifuged through the affinity column plates. After washing the columns with PBS IdeS solution (100 units) was centrifuged into the columns to release the glycosylated Fc part of the fusion protein. Reaction was performed at 37°C for 30 min. Released Fc parts were eluted with PBS. PNGaseF with 13 C-2-AA labeled N-glycan standards were added to the eluted Fc parts and to the affinity IgGs and fusion protein 1 were recovered from serum using Protein G chromatography (2) . Proteins were eluted with a pH shift (3). Neutralized pre-cleared serum was then subjected to a second affinity purification with immobilized antigen (4). Fc parts were eluted with an on-column IdeS digest while receptor parts remain bound to the antigen on the affinity resin. On-column digest was achieved by centrifugation of enzyme solutions into the 96-well plate affinity columns at 30 rpm (5).
(B) N-glycans were released with PNGaseF on column and in solution. With PNGaseF also a heavy isotope labeled 13C 2-AA N-glycan standard was added to each sample. (C) Released N-glycans were labeled with 2-AA as described in the method section and analyzed by nanoLC-MS.
columns with the antigen bound receptor. Digests were incubated for 17 h at 37°C. The N-glycans released from the antigen bound protein part were eluted with PBS from the affinity column. Proteins were removed by ultrafiltration using 96-well plates with 10 K cut-off membranes. Released N-glycans with 13 C glycan standards were dried by vacuum centrifugation. Dried sample N-glycans and 13 C 2-AA labeled glycan standard were dissolved in H2O and 2-AA labeling solution (100 mg/mL picoline borane, 50 mg/mL 2-AA in a 7:3 mixture of DMSO and acetic acid) was added. Labeling reaction took place for 17 h at 37°C. Labeled samples were loaded to water equilibrated 96-well plate Sephadex G-10 columns and eluted with water. Samples were brought to dryness by vacuum centrifugation and dissolved in 20 µL water for nanoLC-MS analysis.
Recovery of FP2 from non-clinical samples and N-glycan preparation
Biotin capture Select anti-human-IgG-Fc was coupled to Streptavidin magnetic beads in PBS. Beads were mixed with 40 µL 3 Abundance too low for sensitive analysis.
Table 2
Impact on AUC of different N-glycans compared to overall elimination of the fusion proteins (average; number of animals: fusion protein 1 n = 5; fusion protein 2 n = 6). Beads were separated using a magnet and released N-glycans were mixed with 13 C glycan standards and dried by vacuum centrifugation.
Dried sample N-glycans and 13 C 2-AA labeled glycan standard were dissolved in H2O and 2-AA labeling solution (100 mg/mL picoline borane, 50 mg/mL 2-AA in a 7:3 mixture of DMSO and acetic acid) was added. Labeling reaction took place for 17 h at 37°C. Labeled samples were loaded to water equilibrated 96-well plate Sephadex G-10 columns and eluted with water. Samples were brought to dryness by vacuum centrifugation and dissolved in 20 µL water for nanoLC-MS analysis.
Glycan analysis by NanoLCMS
NanoLC (Thermo/Dionex Ultimate 3000) was set-up in "preconcentration" mode according to the manufacturer manual with a preconcentration column (3 µm particles, 75 µm × 2 cm) and an analytical column (2 µm particles, 75 µm × 25 cm). The column compartment was held at 40°C. The mobile phase of the nano pump consisted of 0.5% formic acid in H2O (component A) and 0.5% formic acid in 50% ACN (component B). The mobile phase of the capillary pump consisted of 0.5% formic acid and 1% ACN in H2O (component C). The analytical column was equilibrated with 2% component B at a flow rate of 300 nl/ min. The preconcentration column was equilibrated with 100% component C. With a user defined injection routine 8 µL sample were stacked between loading solution (0.1% formic acid, 1% ACN in ultrapure H2O) in a 20 µL sample loop. The sample loop was switched for 2 min in-line of the capillary pump flow to allow optimal trapping. Prior to the next injection sample the loop was washed with loading solution. After trapping the pre-concentration column was switched into the nano pump flow and component B was raised to 30% over 60 min, then to 95% over 5 min. After holding at 95% component B for 5 min the column was finally re-equilibrated at 2% component B for 15 min. The column outlet was connected to a UV detector with a 3 nl flow-cell. UV detection was conducted at 254 nm to monitor the preconcentration step, which is visible by an intensity drop due to the lower formic acid concentration of the loading solution. The outlet of the nanoLC was directly coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher) equipped with an EASY-Spray™ Source. The source was operated in positive ionization mode with a capillary voltage of 1.5 kV, a capillary temperature of 250°C and an S-lens RF level of 50. Resolution was set to 70,000 with an AGC target of 1e5. The MS was operated in full scan mode.
Data interpretation of nanoLCMS N-glycan PK data
Intensities of monoisotopic peaks of each labeled N-glycan and its corresponding isotopically labeled N-glycan was obtained from full scan MS data using extracted ion chromatograms. The light to heavy ratio (L/H) was determined according to Eq. (1). Where light is the sample and heavy the heavy isotope standard. 
This L/H ratio was determined for each N-glycan and time point. Plotting the average L/H profile for each N-glycan provided the individual PK profiles as depicted in Fig. 6 .
Glycan maps were calculated for each time point individually using the determined L/H ratio and the percentage of the respective glycan in the heavy isotope labeled standard (see Table S1 ) according to Eq. (2). 
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